In HeLa cells, RNA polymerase I (Pol I)-mediated transcription is severely inhibited soon after infection with poliovirus. We have developed a gel retardation assay to analyze DNA-protein complexes formed at the Pol I promoter. We show here that two complexes (A and C) formed by nuclear extracts from uninfected cells disappear after infection of cells with poliovirus. In contrast, a new, rapidly migrating complex (D) is formed in virus-infected cell extract. This change in the mobility of gel-retarded complexes correlates well with the kinetics of inhibition of rRNA transcription in virus-infected cells. Incubation of nuclear extracts from mock-infected cells with bacterially expressed, purified poliovirus protease 3C results in the disappearance of complexes A and C with concomitant generation of complex D. A partially purified transcription factor fraction derived from uninfected cells that contains complex A is able to restore Pol I transcription when added to virus-infected cell extracts, suggesting that this complex plays an important role in Pol I transcription. These results suggest that poliovirus proteinase 3C may have an important role in the shutoff of Pol I transcription in cells infected with poliovirus.
In HeLa cells, RNA polymerase I (Pol I)-mediated transcription is severely inhibited soon after infection with poliovirus. We have developed a gel retardation assay to analyze DNA-protein complexes formed at the Pol I promoter. We show here that two complexes (A and C) formed by nuclear extracts from uninfected cells disappear after infection of cells with poliovirus. In contrast, a new, rapidly migrating complex (D) is formed in virus-infected cell extract. This change in the mobility of gel-retarded complexes correlates well with the kinetics of inhibition of rRNA transcription in virus-infected cells. Incubation of nuclear extracts from mock-infected cells with bacterially expressed, purified poliovirus protease 3C results in the disappearance of complexes A and C with concomitant generation of complex D. A partially purified transcription factor fraction derived from uninfected cells that contains complex A is able to restore Pol I transcription when added to virus-infected cell extracts, suggesting that this complex plays an important role in Pol I transcription. These results suggest that poliovirus proteinase 3C may have an important role in the shutoff of Pol I transcription in cells infected with poliovirus.
Poliovirus, a member of the picornavirus family, contains a positive-sense single-stranded RNA genome. This messenger-active RNA encodes a single long open reading frame (35) . The reading frame is translated, yielding a large polyprotein that is cleaved by poliovirus-encoded proteases, producing all structural and nonstructural proteins. To date, two poliovirus-specific proteases, 2A and 3C, have been identified (for a review, see references 18 and 26) . Protease 3C has been expressed in Escherichia coli and purified (30) . Protease 3C cleaves viral precursor proteins specifically at glutamine-glycine junctions (17) . Infection of cells by poliovirus causes extreme cytopathic effects. The rate of cellular protein and RNA synthesis decreases rapidly after infection. It is believed that the full inhibition of cellular macromolecular metabolism requires the synthesis of viral proteins, but these proteins have not yet been identified (for a review, see reference 35) .
When HeLa cells are infected with poliovirus, host cell RNA synthesis is inhibited. All three classes of transcription, which are catalyzed by polymerases (Pol) I, II, and III, are inhibited (8, 10, 42) . This inhibition is due to the decrease in activity of factors involved in the specific initiation of transcription; nonspecific Pol elongation activity is not affected (9, 14, 19, 23, 34) . The development of in vitro transcription systems has allowed the analysis of this inhibition; the transcription activity observed in vitro with extracts prepared from infected cells mimics the inhibition observed in vivo for all three transcription systems (9, 34) .
In a previous report we examined the inhibition of transcription of rRNA in poliovirus-infected HeLa cells. We found that transcription could be restored in extracts from poliovirus-infected cells by the addition of a factor closely associated with Pol l. Although restoration activity coeluted with Pol I nonspecific chain elongation activity, extracts * Corresponding author.
prepared from mock-and poliovirus-infected cells contained the same levels of elongation activity (34) . In this report, we further characterize the effects of virus-mediated inhibition of rRNA transcription by examining the modification of factors involved in rRNA initiation complex formation.
Three factors have been identified as being necessary for transcription by Pol I (36) . The first, RNA Pol I, cannot initiate transcription specifically at the promoter without the aid of accessory factors (29) . Pol I is capable only of nonspecific chain elongation. It has been proposed that another activated form of RNA Pol I, which is involved in the specific initiation of transcription, exists. These results, obtained by fractionation of extracts from Acanthamoeba (33) and mouse (39) cells, have yet to be corroborated in the humanrRNA transcription system. A second transcription factor, the upstream binding factor (UBF), protects a region of the class I promoter, the upstream control element (UCE) which is located between nucleotides -200 and -107 on the human gene coding for rRNA (rDNA gene). UBF also associates with the core promoter element, located between nucleotides +20 and -45 relative to the site of initiation of transcription (1, 27) . UBF activity has been extensively purified and has recently been cloned (1, 20) . The third activity, named SL1, hs not yet been purified to homogeneity (28) . While human SLi alone does not footprint over the promoter when assayed in conjunction with UBF, the footprinted region over the UCE is extended. This extension is due either to the binding of SLi to the promoter in the presence of UBF or to a conformational change in the UBF binding domain induced by an interaction with SLi (1, 27) .
Recent experiments in our laboratory have indicated that the inhibition of RNA Pol III and II transcription seen in poliovirus-infected cells may be induced by poliovirus protease 3C. The inhibition of RNA Pol III transcription mediated by poliovirus infection involves the inhibition of transcription factor TFIIIC activity (14) . TFIIIC isolated from mock-and poliovirus-infected cells forms differently migrat-ing complexes with the VAIRNA gene when analyzed by using a gel retardation assay (5) . TFIIIC purified from poliovirus-infected cells forms a rapidly migrating complex with the VAIRNA gene; in our laboratory, it has been recently determined that this change in complex conformation can be duplicated by in vitro treatment of TFIIIC with purified poliovirus protease 3C (7). In the Pol II system, we have also shown that the TATA box-binding general transcription factor, TFIID, is specifically cleaved by purified 3C proteinase in vitro (6) . Therefore Nuclear extract was fractionated through heparin-agarose chromatography as previously described (34) .
Transcription assays. Specific transcription assays and nonspecific Pol I elongation assays were performed as previously described (34) .
Gel mobility shift assay. The gel retardation reactions were performed in a final volume of (Fig. 1B, lane 1) . At (Fig. 1B, lanes 5 to 10) . Preincubation of nuclear extract with unlabeled UCE probe prevented subsequent binding of protein to the labeled probe (lanes 6 and 9). When extracts were preincubated with a nonspecific oligonucleotide, the amount of binding to the labeled UCE probe was not changed compared with that in the control (lanes 7 and 10).
Incubation of extracts made from 3-and 4-h poliovirusinfected cells with labeled UCE oligonucleotide resulted in the generation of a high-intensity band (Fig. 1B, lanes 3 and   4, larger arrowhead) . However, this band was nonspecific, as the homologous oligonucleotide was unable to compete with this band (lanes 9 and 10). As UBF is the only protein recognized as being able to bind to the UCE (27) , these results indicate the probable presence of UBF in these complexes.
In vitro transcription assays with these mock-and poliovirus-infected nuclear extracts showed a correlation in the kinetics of the decrease of Pol I transcription in infected-cell extracts and the changes in the gel-retarded complexes (Fig.  1A) . There was no significant change in the intensity of the Pol I transcript at 2 h of infection compared with that in the mock-infected extracts. However, transcription was completely inhibited at 4 h, at which time both bands A and C disappeared. As pointed out in our previous report (34) , the high-molecular-weight RNA in Fig. 1A (indicated by a smaller arrowhead) represents elongation of preinitiated viral RNAs and is due to the presence of viral replication complexes in the infected-cell extract.
A transcription factor fractionation scheme has been developed by Learned et al. to identify factors necessary for Pol I transcription in human whole-cell extracts (28) . In this scheme the whole-cell extract is loaded to heparin-agarose at whereas hl.0 fraction contains SLL. In our previous report (34), we showed that the transcriptional activity of the h1.0 fraction was not altered by poliovirus infection. However, h.4 fraction isolated from virus-infected cells was transcriptionally inactive compared with the same fraction derived from mock-infected cells. We wished to determine whether gel-retarded complexes A and C could be found in heparinagarose fraction h.4. Extracts prepared from 4-h mock-and poliovirus-infected cells were fractionated in parallel on heparin-agarose columns. The h.4 fractions recovered from each column were incubated with the labeled probe and analyzed by gel electrophoresis. As shown in Fig. 2 , both complexes A and C were detected in the h.4 fraction from mock-infected cells (lane 6); however, these complexes were missing in the h.4 fraction derived from poliovirus-infected cells. The h.4 fraction from poliovirus-infected cells contained complex D activity (lane 7). In a transcription restoration assay, in which the transcription-inhibited virusinfected cell extract is rescued by addition of an uninfected cell-derived fraction, the mock h.4 fraction was found to be capable of restoring transcription activity in poliovirusinfected cell extracts (Fig. 2, lanes 1 to 3) . This restoration of transcription was not due to addition of a limiting factor present in the h.4 fraction, since this fraction did not stimulate transcription in mock-infected extract (data not shown). Thus, the difference in the complexes formed be- tween mock-and poliovirus-infected cell extracts is reflected in a fraction that contains restoration activity. Taken together, the results presented in Fig. 1 and 2 suggest that formation of complexes A and C may be important in Pol I transcription, whereas complexes B and D appear to be transcriptionally inactive, and that infection of cells with poliovirus somehow converts complexes A and C to mainly complex D (and small amounts of complex B).
Extracts from cycloheximide-treated cells form the same gel-retarded complex as extracts from mock-treated cells. Cells that are treated with various growth and protein synthesis inhibitors exhibit a decrease in Pol I-catalyzed transcription activity (4, 40) . This decrease is reflected in vitro with extracts prepared from these inhibited cells (3, 15) . In mouse cells, treatment with cycloheximide results in the depletion of a transcriptionally active subform of RNA Pol I (named activated Pol l) (39) . We wished to compare the cycloheximide-inhibited extracts with poliovirus-inhibited extracts for their abilities to form the UCE binding complex. Cells were mock treated, cycloheximide treated, or infected with poliovirus. Nuclear extracts were prepared from these cells and used in in vitro transcription and gel retardation assays. Extracts from both cycloheximide-treated and poliovirus-infected cells were inhibited for in vitro transcription compared with those from mock-infected cells (Fig. 3, lanes  1, 2, and 3) . However, inhibition of transcription was more pronounced in extracts from cycloheximide-treated cells than from poliovirus-infected cells. When analyzed by the gel retardation assay, extracts from both mock-and cycloheximide-treated cells formed approximately equal amounts of complex A (Fig. 3, lanes 5 and 6) . The complexes formed with poliovirus-infected extract (B and D), however, lacked complex A. Thus, the effect that poliovirus has on the UCE The mobility shift differences are due to proteolytic cleavage. We next examined whether poliovirus 3C protease could be involved in the alteration of initiation complex formation in infected-cell extracts. Treatment of the Pol III transcription factor TFIIIC with protease 3C results in the conversion of the TFIIIC-VAIRNA complex to a rapidly migrating conformation as assayed by gel retardation (7) . Protease 3C also cleaves in vitro-synthesized Pol II transcription factor TFIID (7) (see Fig. 5 ). The glutamineglycine site necessary for 3C protease activity is also found in the UBF sequence. This site is located between two regions of the protein sequence, the probable DNA binding domain and the putative activation domain (20) .
Nuclear extracts prepared from mock-and poliovirusinfected cells were incubated with bacterially expressed, purified 3C protease (30) for 2 h at 30°C. These extracts were then assayed for gel retardation activity in the presence or absence of competitor DNA. Figure 4 , lanes 1 to 3, demonstrates that in the untreated mock nuclear extract, complexes A to C are specific to the UCE. In this experiment, approximately half the amount of unlabeled competitor UCE oligomer was used, as in the experiment shown in Fig. 1 . This explains why labeled band C (Fig. 4, lane 2) did not completely disappear in the competition assays. Incubation of mock-infected extracts in the presence of increasing amounts of 3C protease (lanes 4, 5, and 6) resulted in a loss of complexes A to C and the appearance of a complex which comigrates with complex D formed by poliovirus-infected cell extracts (lane 12). This protease-treated complex D activity also was UCE specific (lanes 6 to 8). Mock extracts were also treated with a mutant 3C protease, created through substitution of a critical cysteine residue with a serine at amino acid 147 (18) . This change completely inactivates the protease (16) . Incubation of mock-infected extract with the purified mutant protease did not result in the formation of complex D (lanes 9 to 11). Lane 11 exhibits reduced overall band formation activity because of the extremely high concentrations of salt added in the ammonium sulfate precipitate of the enzymes (3C protease). Treatment (23 ,ug) were incubated with purified protease 3C and then assayed for gel retardation activity, as described in Materials and Methods. Specific and nonspecific competitor oligonucleotides were added to certain reactions to verify the specificity of binding to the UCE. Mock-infected extracts were also treated in parallel with a mutant protease in order to control for nonspecific alterations in UCE complex formation. Lanes shown to associate with the UBF-UCE complex through footprinting assays (1, 27) . Initial experiments examining the migration of complex A-associated proteins through a glycerol gradient suggest the presence of more than one factor in this fraction.
Treatment of nuclear extract with the poliovirus protease 3C caused a definite alteration of the UCE binding complex. This treatment resulted in the formation of a complex that comigrated with band D, representing the complex formed with poliovirus-infected extracts. Complex D could be formed by the cleavage of a factor that remains in the complex, causing a shift in mobility. This cleaved factor could prevent another normally associated factor from binding, because of the loss of a domain required for association with other factors. Alternatively, cleavage could result in a factor no longer being able to associate with the complex, because of disruption of a binding domain.
While the poliovirus-specific protease was not able to cleave the in vitro-translated cloned human UBF, we did not rule out the possibility that this cleavage could occur in vivo. The in vitro-translated UBF also was not able to form the gel-retarded complex, suggesting that this synthetic UBF might not be correctly modified and was thus inactive (data not shown). In vitro-translated UBF is capable of binding to the UCE as demonstrated by using oligonucleotide-affinity column binding assays (20) . However, the gel-retarded complex that we have seen might be due to more than one factor associating with the UCE, because the complex formation activity is only evident in crude nuclear or heparin-agarosepurified fractions. Once the activity is fractionated on more than one column, the gel-retarded complexes are no longer visible (data not shown). Therefore, while the possibility remains that protease 3C cleaves UBF, the protease could instead be responsible for cleavage of another complexassociated factor.
Cleavage by the 3C protease is specific to a glutamineglycine site (17) in the processing of viral precursor polyproteins. Not all glutamine-glycine sites are recognized by this enzyme, suggesting the importance of the surrounding sequence environment (31, 32, 41) . In vitro-synthesized UBF might not be in the correctly folded conformation, because of a possible missing posttranslational modification. For example, while it is known that active natural UBF is phosphorylated, in vitro-synthesized UBF is most probably not phosphorylated. In the presence of other factors or modifications, the conformation of UBF might change, exposing the glutamine-glycine site to the protease. We would like to examine whether UBF purified with the vaccinia virus vector containing the UBF sequence (20) would be cleaved by protease 3C. Also, an antibody to UBF would help in determining whether this cleavage is apparent in vivo.
The poliovirus proteases exhibit highly selective substrate specificity, and one would expect that they would be specific only for the poliovirus polyprotein. However, protease 2A has been shown to be involved in inhibition of cellular translation by poliovirus. Protease 2A, although not directly, catalyzes the cleavage of a component of the cap binding complex, thus inhibiting translation of mRNAs containing a 5' cap structure (25, 37) . Recently it has been found that protease 3C from a related picornavirus, foot-and-mouth disease virus, can cleave histone 3 (12, 38) . Poliovirusspecific protease 3C, however, is unable to cleave histone (12) . Thus, the results obtained in our laboratory indicating the cleavage of host cell RNA Pol I, II, and III transcription factors are the first evidence of the ability of poliovirus protease 3C to cleave cellular proteins. While these transcription factors are present in the nucleus and poliovirus replication occurs exclusively in the cytoplasm, the entry of protease 3C into the nucleus during infection has been observed (2, 13) .
Infection of cells with poliovirus results in a conformational change in a complex that binds to the rDNA promoter. The exact effect of this change on transcriptional activity remains to be determined. Unfortunately, our initial experiments to evaluate the effect of the viral protease 3CP"r on Pol I transcription have failed. Relatively high concentrations of ammonium sulfate in the protease preparation, needed for stabilization of the purified enzyme, were found to nonspecifically inhibit in vitro transcription by Pol I. Ultimately, the treatment of individual components of a reconstituted system with protease 3C would help determine the identity of the affected factor as well as the effect that proteolytic cleavage has on transcription. In order to perform these experiments, a specific protease 3C inhibitor is necessary.
